INTRODUCTION
In recent years, it has become apparent that low doses of radiation can cause delayed effects in cells surviving irradiation that may not become apparent for many cell generations. Delayed effects, such as lethal mutations or delayed reproductive cell death in the progeny of irradiated cells that persist for many generations (1) (2) (3) (4) (5) , de novo chro- 1 Author to whom correspondence should be addressed at Radiation and Environmental Science Centre, Dublin Institute of Technology, Fitzwilliam House, 30 Upper Pembroke Street, Dublin 2, Ireland; e-mail: fiona.lyng@dit.ie. mosomal aberrations (6) (7) (8) (9) , and gene mutations (10) (11) (12) arising at high frequency in the progeny of cells irradiated many cell divisions previously, are defined as genomic instability. The mechanisms are unclear, but oxidative stress induced by the initial radiation exposure has been shown to persist and could predispose surviving cells to sustain mutations more easily (13) . The mechanisms of induction and transmission of genomic instability appear to involve indirect untargeted interactions between cells and signal transduction processes.
Considerable evidence has accumulated recently suggesting that bystander effects can occur in cells which were not themselves irradiated but either were in the vicinity of irradiated cells (14) (15) (16) (17) (18) (19) (20) (21) or were exposed to medium from irradiated cells (22, 23) . Very low doses of ␣ particles have been shown to lead to the formation of sister chromatid exchanges (14, 15) , chromosomal aberrations (16) , and changes in protein expression (17) in considerably more cells than had been traversed by an ␣ particle. Irradiation of cells with a microbeam, which permits the traversal of one cell or part of a cell in a field with a charged-particle beam, has shown that effects of single-cell irradiation are not limited to the exposed cell but also affect other cells in the vicinity. Micronucleus formation (18, 19) , mutation (20) and oncogenic transformation (21) have all been shown in cells distant from the target cell. Medium from epithelial cells irradiated with ␥ rays that is transferred to cultures that have not been irradiated has been shown to induce cell death by apoptosis in the unirradiated cells (22, 23) . Decreased cell survival has also been reported in cells that are in contact with cells internally irradiated with 3 H ␤ particles in a three-dimensional tissue culture model (24, 25) .
Once it is induced, the bystander effect appears to persist in the surviving progeny of irradiated cells (16, 26, 27) . Lorimore et al. (16) demonstrated chromosomal instability in the progeny of nonirradiated hemopoietic stem cells caused by interactions between the irradiated cells and the nonirradiated cells, i.e. a bystander effect. Seymour and Mothersill (26) showed that medium from irradiated cells can induce delayed effects in the progeny of cells that survive the initial exposure to the medium. Watson et al. (27) demonstrated a link between a radiation-induced bystander effect and the induction of genomic instability in vivo by transplanting a mixture of nonirradiated and irradiated hemopoietic stem cells into mice. Chromosomal instability was demonstrated in the progeny of the nonirradiated stem cells.
Our group has shown previously that medium from irradiated cells can induce early events in the cascade that leads to apoptosis, such as mobilization of intracellular calcium, loss of mitochondrial membrane potential, and an increase in reactive oxygen species, in unirradiated cells (28) . All these events have been clearly linked with induction of apoptosis (29) (30) (31) (32) . The aim of the present study was to investigate whether medium from the progeny of irradiated cells could also initiate apoptosis in unirradiated cells, thus defining a mechanistic link between radiationinduced bystander processes and genomic instability.
MATERIALS AND METHODS

Cell Culture
HPV keratinocytes were cultured in Dulbecco's MEM:F12 (1:1) containing 7% fetal calf serum, 5 ml penicillin-streptomycin solution (50 IU/ ml penicillin, 50 g/ml streptomycin), 25 mM Hepes buffer, and 1 g/ ml hydrocortisone (all from Gibco Biocult Ltd., Irvine, Scotland) and were maintained in an incubator at 37ЊC in an atmosphere of 95% air/ 5% CO 2 . Subculture was routinely performed using a 1:1 solution of 0.25% trypsin and 1 mM EDTA in Earle's balanced salt solution at 37ЊC.
Irradiation
Culture flasks (25-cm 2 , 40-ml flasks, Nunc, Denmark) were sealed and irradiated at room temperature using a cobalt-60 teletherapy unit delivering approximately 2.0 Gy/min during the period of these experiments. The source-to-flask distance was 80 cm and the field size was 30 ϫ 30 cm. The flasks were returned to the incubator immediately after irradiation.
Bystander Medium
Medium from irradiated and unirradiated cells was poured off donor flasks 1 h after irradiation and filtered through a 0.22-m filter to ensure that no cells could still be present in the transferred medium. The medium was then stored at Ϫ80ЊC until required for experiments. Recipient cells were plated onto glass cover slips embedded into 35-mm plastic culture dishes and were grown to approximately 80% confluence. Culture dishes, containing the minimum amount of buffer (130 mM NaCl, 5 mM KCl, 1 mM Na 2 HPO 4 , 1 mM CaCl 2 , 1 mM MgCl 2 and 25 mM Hepes, pH 7.4) required to just cover the cells on the glass cover slip, were mounted on the stage of a Zeiss 510 confocal microscope. Medium from irradiated and unirradiated cells, as well as fresh medium, was added directly to the culture dish while an area of interest was scanned continuously. The medium from irradiated cells used in these experiments has been shown to reduce clonogenic survival in recipient cells (33) .
Ratiometric Measurement of Calcium
Intracellular calcium levels were determined relative to control levels using two visible-wavelength calcium-sensitive dyes, Fluo-3 and Fura Red (Molecular Probes, Leiden). Fluo-3 exhibits an increase in green fluorescence upon binding to calcium, whereas Fura Red exhibits a decrease in red fluorescence upon binding to calcium. The ratio of Fluo-3/ Fura Red is a good indicator of intracellular calcium levels. Cultures were washed twice with a buffer containing 130 mM NaCl, 5 mM KCl, 1 mM Na 2 HPO 4 , 1 mM CaCl 2 , 1 mM MgCl 2 and 25 mM Hepes (pH 7.4). Cells were loaded with the calcium-sensitive dyes by incubation with 3 M Fluo-3 and 3 M Fura Red AM esters for 1 h in the buffer at 37ЊC. Subsequently, the cultures were washed three times with buffer. Fluo-3 and Fura Red were excited at 488 nm and fluorescence emissions at 525 nm and 660 nm were recorded simultaneously using a Zeiss LSM 510 confocal microscope. Ratio images and time series data of the Fluo-3/ Fura Red fluorescence intensities were recorded every 2 s. Medium was added after 60 s, when a stable baseline had been established. All measurements were performed at room temperature.
Measurement of Mitochondrial Membrane Potential
Mitochondrial membrane potential was determined using Rhodamine 123, a green fluorescent dye that accumulates in active mitochondria with high membrane potentials. Cultures were washed twice with a buffer containing 130 mM NaCl, 5 mM KCl, 1 mM Na 2 HPO 4 , 1 mM CaCl 2 , 1 mM MgCl 2 and 25 mM Hepes (pH 7.4). Cells were loaded with 5 M Rhodamine 123 for 30 min in the buffer at 37ЊC. Subsequently, the cultures were washed three times with buffer. Rhodamine 123 was excited at 488 nm, and fluorescence emission at 525 nm was recorded using a Zeiss LSM 510 confocal microscope. The mean fluorescence intensity (or mean gray value) was determined using the software package NIH Image (U.S. National Institutes of Health).
Measurement of Reactive Oxygen Species
Induction of reactive oxygen species was measured using 2,7-dichlorofluorescin diacetate. Once inside a cell, the acetate group is cleaved by cellular esterases, leaving dicholorofluorescein, which emits green fluorescence when oxidized by the reactive oxygen species hydrogen peroxide and nitric oxide. Cultures were washed twice with a buffer containing 130 mM NaCl, 5 mM KCl, 1 mM Na 2 HPO 4 , 1 mM CaCl 2 , 1 mM MgCl 2 and 25 mM Hepes (pH 7.4). Cells were loaded with 5 M 2,7-dichlorofluorescin diacetate for 30 min in the buffer at 37ЊC. Subsequently, the cultures were washed three times with buffer. Dichlorofluorescein was excited at 488 nm, and fluorescence emission at 525 nm was recorded using a Zeiss LSM 510 confocal microscope. The mean fluorescence intensity (or mean gray value) was determined using the software package NIH Image.
All measurements are presented as mean values Ϯ SE of four independent experiments. Significance of differences was determined by a Student's unpaired t test, and the differences were considered significant if P Յ 0.05.
RESULTS
Rapid calcium fluxes (within 30 s) were observed after addition of medium both from the cells irradiated initially and from the progeny of the irradiated cells, up to the 7th passage (approximately 35 population doublings) postirradiation. Ratio images of calcium levels before and after addition of medium from the progeny (passage 7) of cells initially irradiated with 0.5 Gy are shown in Fig. 1 . The images are color-coded for calcium levels; blue indicates low levels of calcium, while green, yellow and red indicate progressively higher levels of calcium. There was no change in intracellular calcium levels after addition of fresh medium or of medium from densely seeded but unirradiated cells (Fig. 1) . Figure 2 shows a rapid and transient increase in calcium levels after addition of medium from the progeny (passage 7) of cells initially irradiated with 0.5 Gy. There was no significant difference between medium conditioned by cells irradiated with the different doses of radiation or between medium from initially irradiated cells and progeny. There was no change in intracellular calcium levels after addition of medium from unirradiated cells or of control medium (Fig. 2) .
Mitochondria with high membrane potentials were observed in control cells and in cells treated with medium from unirradiated cells (Fig. 3) . A decrease in fluorescence and an increase in nonspecific staining was observed 6 h after addition of medium from the progeny (passage 7) of cells initially irradiated with 0.5 Gy (Fig. 3) , suggesting a decrease in mitochondrial membrane potential. There was no significant difference between medium conditioned by cells irradiated with the different doses or between medium from initially irradiated cells and from progeny up to passage 7 (Fig. 4) .
Very low levels of fluorescence were observed in control cells and in cells treated with medium from unirradiated cells (Fig. 5 ). An increase in fluorescence was observed 6 h after addition of medium from the progeny (passage 7) of cells initially irradiated with 0.5 Gy (Fig. 5) , suggesting an increase in reactive oxygen species. There was no significant difference between medium conditioned by cells irradiated with the different doses or between medium from initially irradiated cells and from progeny up to passage 7 (Fig. 6) .
DISCUSSION
This study suggests that initiating events in the cascade that leads to apoptosis were induced in unirradiated cells by a signal produced by irradiated cells and that this signal was still produced by the progeny of irradiated cells.
Rapid membrane potential, and increases in reactive oxygen species (from 6 h after medium transfer) were observed. There was no significant difference between medium conditioned by cells irradiated with 0.5 Gy or 5 Gy or between medium from initially irradiated cells and from the progeny of irradiated cells up to passage 7 (35 population doublings). It has been shown previously that the bystander effect appears to saturate at doses in the range 0.03-0.05 Gy in the human keratinocytes used in this study (33) .
Considerable support for the existence of bystander effects is available in the literature, but the mechanisms by which the bystander signal is produced and transduced have yet to be elucidated. Cellular stress responses or general damage signaling through a range of signal transduction pathways may be involved. Not all cells would reach the end stage of apoptosis, but it seems likely that most cells would respond to the initial signal with the production of a calcium pulse. Whether the cell continues to the end stage of apoptosis would depend on passing the various checkpoints in the signal transduction pathway (34) .
Bystander effects have been attributed to the production of extracellular factors that lead to the generation of reactive oxygen species (35) (36) (37) . Recently, Iyer and Lehnert (38) identified TGFB1 as a mediator of ␣-particle-induced bystander responses, and Matsumoto et al. (39, 40) reported that nitric oxide may be one of the factors mediating the bystander effect.
Some studies of bystander effects implicate gap junctional intercellular communication (GJIC) in the transmission of the signal (17, 20, 25) , whereas others have impli- cated a medium-transmitted mechanism (22, 23, 38) . It is possible than more than one mechanism may be involved in the transduction of the signal, and it may depend on the cell type, the type of radiation, and other factors, including the end point being measured. Clearly, in the experiments described here, GJIC cannot be the mechanism of signal transmission since the donor and recipient cells are in separate flasks; however, it is possible that the signal passes through membrane channels, such as gap junctions, through an active transport mechanism. This could easily be shut down by conditions that close gap junctions.
Genomic instability and the bystander effect have recently been linked experimentally (16, 26, 27) . The present results provide a mechanistic link, because it appears that radiation-induced genomic instability may be induced by the bystander factor and that a possible mechanism may involve the induction of persistent oxidative stress. This was proposed as a mechanism for the perpetuation of genomic instability by Clutton et al. in 1996 (13) . Previous studies by our group (41, 42) showed persistent apoptosis in the distant progeny of irradiated cells, as well as a number of morphological and biochemical changes which together suggested a long-term induction of damage response pathways in the progeny of irradiated cells.
In conclusion, it would appear that low-dose irradiation induced a long-term stress response in cells in the field, whether they received a direct ''hit'' or not. This stress response persists in clonal progeny for many generations and is both inducible and transmissible by an as-yet unidentified factor. Apoptosis is clearly one end point that can be shown to increase but others, such as changes in the frequency of cytogenetic abnormalities, gene/protein expression, and mutation frequency, occur. Many different factors may contribute to the final expression of the effects initiated in the originally irradiated cells.
